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Background
In the course of billions of years of evolution, organic genomes have undergone enormous changes. Nevertheless, some traits or evolutionary relics of the primordial genome (defined as the most primitive nucleic acid genome for earth's life in this paper) may remain in modern genomes. Finding these traits or relics is of great significance for the study of the origin and evolution of genomes [1] . Indeed, the only way to reconstitute ancient genomes in the absence of fossil DNA may be the deduction from the comparative analysis of the structures of present-day genomes [2] . What traits at the genomic level may be regarded as evolutionary relics of the primordial genome? One consideration is that for a sequence of DNA (or RNA) in a genome, the longer it is, the more probable it would be modified (such as nucleotide substitutions, insertions or deletions, but not including duplication) during genome evolution. For that reason, the shortest possible sequences, the dinucleotides, would have in general the most chances to be intact as pieces of sequence. If a considerable proportion of a particular dinucleotide was intact in evolving genomes, its genomic occurrence frequencies would not change significantly during genome evolution. Based on this assumption, comparative analysis of the characteristics of dinucleotides in the genomes of various organisms may provide insights into the features of the primordial genome as well as the genetic information it contained.
From this point forward, our philosophy suggests that the conservation of the genomic profiles of the frequencies of dinucleotides across various genomes, if it exists, would be an evolutionary relic of the primordial genome. In other words, if the frequencies of a dinucleotide in modern genomes are conserved, it would imply that the genomic frequencies of that particular dinucleotide have not changed significantly since the primordial genome formed. For mononucleotides, it has been known that their frequencies vary among species, especially in prokaryotes [3] . However, this does not preclude the possibility of the conservation of the frequencies of some, if not all, dinucleotides across genomes. Many researches have been done in the field of dinucleotide frequencies even when sequence data were limited (e.g., [4, 5, 6] ), revealing hierarchies in the frequencies (preferences) of different dinucleotides in natural nucleic acid sequences. With more sequences available, one of the most studied aspects in this field is the characteristics of dinucleotide relative abundances, which access contrasts between the observed dinucleotide frequencies and those expected from the component nucleotide frequencies [7] . The profiles of relative abundances of dinucleotides in genomic sequences are rather species-specific or taxon-specific [8, 9] .
The set of all dinucleotide relative abundance values is even regarded as a genomic signature [7] . This specificity seems in contradiction with our assumption on the conservation of the frequency profiles. However, as assumed above, what we need for the purpose of our study is the occurrence frequencies, which are generally not congruent with the relative abundances [10] . Moreover, instead of considering the frequencies of all dinucleotides in a genome as a whole, they should be analyzed one by one. Therefore, it is of interest to ascertain if the conservation in terms of dinucleotide occurrence frequencies exists across genomes, or to determine to what extent the frequencies of a dinucleotide vary among species.
With the development of genomics, more and more whole-genome sequences are now available, providing opportunities for the analysis of evolutionary relics at the genomic level. In this paper we analyzed the frequency profiles of dinucleotides of the whole-genome sequences from 130 species (including archaea and bacteria). The results show that the conservation of frequencies of some dinucleotides across genomes does exist. We argue and conclude that the frequency conservation would be evolutionary relics of the primordial genome.
Results and Discussion
The distribution pattern of the frequencies of 16 dinucleotides of 130 species of archaea and bacteria is shown in Figure 1 . It is clear that the frequency ranges of the dinucleotides AC, AG, CA, CT, GA, GT, TC, and TG (dinucleotides composed of one strong nucleotide and one weak nucleotide) are much narrower across genomes than those of other dinucleotides. While the distributions of the frequencies of AA, AT, CC, CG, GC, GG, TA, and TT dinucleotides are dispersed throughout their respective ranges, most of the genomic frequencies of AC, AG, CA, CT, GA, GT, TC, and TG dinucleotides are clustered around their own means (see also Additional File 1 for the details of the results). This characterization is also evident from the statistics such as the standard deviation, the coefficient of variation, the minimum and the maximum of the dinucleotide frequencies ( Table 1) . As for the dinucleotide counts, the correlation coefficients for the observed vs. expected counts of the dinucleotides AC, AG, CA, CT, GA, GT, TC, and TG are very close to 1 (P < 10 -50 ), with also the slopes close to 1 and the intercepts relatively small. A correlation coefficient and a slope close to 1, and an intercept near the origin would indicate that the frequencies are well conserved across genomes. For the other eight dinucleotides (AA, AT, CC, CG, GC, GG, TA, and TT), the correlation coefficients are between 0.32 (P < 10 -3
) and 0.88 (P < 10 -36
), but the slopes are not close to 1 and the intercepts are relatively large. Furthermore, the χ 2 test revealed no significant difference in terms of average counts/kb across the archaeal and bacterial genomes for AC, AG, CA, CT, GA, GT, TC, and TG dinucleotides only (P > 0.05) ( Table   1 , see also Additional File 1 for details). The χ 2 test revealed also among the eight frequency-conserved dinucleotides, AC and GT are with the largest P values, and AG and CT are with the smallest P values. Actually, given that the frequencies of a dinucleotide are conserved across genomes, so are those of its reverse complement, which is consistent with the phenomenon of strand symmetry (a phenomenon that reflects the similarities of the frequencies of nucleotides and oligonucleotides to those of their respective reverse complements within single strands of genomic sequences, see [11, 12, 13, 14] ).
As our results show, there is a general correlation between the observed counts and the expected counts of a dinucleotide in the genomes studied, a correlation observed even for dinucleotides whose frequencies are not well conserved across genomes. This general correlation is mainly due to the usual trend that the observed counts of a dinucleotide increase with genome sizes, hence somewhat trivial. Therefore, what is important and interesting in our results is the observation that the observed counts and the expected counts of some dinucleotides are very highly correlated. This special correlation is due to frequency conservation across genomes of the dinucleotides concerned.
Both the correlation/regression analysis and the χ 2 test indicate that the frequencies of the dinucleotides AC, AG, CA, CT, GA, GT, TC, and TG are well conserved across genomes, while the frequencies of the dinucleotides AA, AT, CC, CG, GC, GG, TA, and TT vary considerably among species. The χ 2 test seems give more clear-cut results, hence would be a good and simple choice for testing the conservation of dinucleotide frequencies (for the appropriateness of the χ 2 test, see also [14] ). Though our data concern only prokaryotic genomes, actually very similar results were obtained when the sequences of the prokaryotic genomes and almost all the currently available complete eukaryotic genomes were taken together in the χ 2 test (our unpublished results).
Therefore, the conservation of the frequencies of some dinucleotides across genomes does exist. These results have not been reported so far, at least not in our way and not aiming at finding evolutionary relics of the primordial genome. In fact, the conservation of the frequencies of the dinucleotides AC, AG, CA, CT, GA, GT, TC, and TG is more observable than that of any mononucleotide, trinucleotide, or higher-order oligonucleotide (our unpublished results). It may be true that many individual mononucleotides have not changed in the course of billions of years of evolution.
However, the genomic frequencies of mononucleotides are not well conserved, in concordance with the fact that only half of the 16 dinucleotides are well conserved in terms of genomic frequencies.
The conservation of the frequencies of some dinucleotides we reported is universal in modern archaeal genomes and bacterial genomes. Also, it is found, with evidences, in eukaryotic genomes, even if they have a large proportion of non-coding sequences. To explain the existence of these universal features, one reasonable approach would be to consider them as the evolutionary relics of the primordial genome. No matter whether these compositional features are due to structural constraints or other factors on nucleic acid sequences, the constraints or factors, probably chemical or physical in nature, would exist from the very beginning of genome evolution. Thus, the compositional features would be evolutionary relics rather than convergences.
Early study indicates that there are significant correlations between genomic libraries in terms of tetranucleotide frequency distribution, suggesting an overall correlation of frequency profiles of short nucleotides among genomes [15] . Our finding shows that the frequency conservation involves especially some dinucleotides. Causes for this phenomenon may include: (i) patterns of distributions of dinucleotides throughout a genome and across genomes; and (ii) probabilities of occurrences of dinucleotides set by strand symmetry. It has been shown that genome inhomogeneity is determined mainly by AA, TT, GG, CC, AT, TA, GC and CG dinucleotides (consisting of two strong nucleotides or two weak nucleotides), which are closely associated with polyW and polyS tracts (W and S stand for weak nucleotides and strong nucleotides, respectively) [16] . This implies that the distribution of any one of the other eight dinucleotides (SW and WS dinucleotides, i.e., AC, AG, CA, CT, GA, GT, TC, and TG) in a genome is rather homogeneous. Also, the distributions of oligonucleotides containing similar and especially the same numbers of the strong and weak nucleotides, but no CG or TA dinucleotide, are the most uniform in six representative genomes (yet the authors considered their distributions not informative) [17] . The results of our analysis are consistent with these distribution patterns. Therefore, one reason for the frequency conservation across genomes of some but not all dinucleotides would be that only the distributions of the frequency-conserved dinucleotides are quite uniform throughout a genome and across genomes.
In addition, if the probability of occurrences of a dinucleotide is fixed to a certain range by the frequencies of the component nucleotides (which themselves follow the rule of strand symmetry), the variation of its actual frequency will also be limited. For example, in our analyzed prokaryotic genomes, the AT content varies from 27.9% to 77.5%; the GC content varies from 22.5% to 72.1%. Under the regime of strand symmetry, the expected frequencies of AA, AT, TA, and TT dinucleotides may vary from 1.9% (with the frequencies of A and T being both approximately 14.0%) to 15.0%
(with the frequencies of A and T being both approximately 38.8%), and those of CC, CG, GC, and GG dinucleotides from 1.3% (with the frequencies of C and G being both approximately 11.3%) to 13.0% (with the frequencies of C and G being both approximately 36.1%). However, the expected frequencies of AC, AG, CA, CT, GA, GT, TC, and TG dinucleotides will range only from 4.4% (AT content being 77.5%, GC content being 22.5%) to 6.3% (both AT content and GC content being 50.0%).
Therefore, strand symmetry would contribute to frequency conservation; it is not unusual that AC, AG, CA, CT, GA, GT, TC, and TG are the dinucleotides with well-conserved frequencies across modern genomes.
Mononucleotide frequencies would tend to diverge during genome evolution.
Therefore, the variation of mononucleotide frequencies among species would be a derived trait. On the other hand, the phenomenon of strand symmetry is ubiquitous and would probably exist from the very beginning (a subject to be discussed in a separate paper). In other words, if strand symmetry is an evolutionary relic of the primordial genome, so must be frequency conservation linked to it. Furthermore, the mechanisms for maintaining strand symmetry, such as inverse duplication [18, 19] , would also help to maintain frequency conservation.
Conclusion
The phenomenon of frequency conservation is universal and consistent in modern 
Materials and Methods

Whole-Genome Sequences
We downloaded the whole-genome sequence of every species of archaea and bacteria 
Calculations of Genomic Occurrence Frequencies of Dinucleotides
We counted the number of occurrences of every dinucleotide in each genome. The count was performed in all the possible reading frames (equivalent to moving the sliding window of 2 nt down the sequence one base at a time). Each chromosome was analyzed separately, without concatenation. Counts were compiled for each species. Occurrence frequencies (percentages) were calculated from these counts. The frequencies of items containing ambiguous bases were also calculated, but not taken into account because of their very small values. In the calculations, only one strand of each genome (the downloaded sequence) was analyzed. Although the choice of strands seems arbitrary, strand symmetry [11, 12, 13, 14] guarantees the validity of the results. In fact, there is little difference in terms of dinucleotide occurrence frequencies in analyzing one strand or another or both strands of a genome (data not shown).
All the calculations were performed with computer programs written in PERL or C++.
Statistical Analysis
To test whether the frequencies of dinucleotides are conserved across genomes, we employed the correlation/regression analysis followed by a χ 2 test. For each dinucleotide, we analyzed the correlation between the observed counts and the expected counts in the genomes studied. The expected count of a dinucleotide in a genome was obtained from the total of all dinucleotide counts of that genome multiplied by the mean frequency of that particular dinucleotide (the average of all genomes studied). We calculated the correlation coefficient (r), the slope and intercept of the best-fitted line for the observed counts vs. the expected counts. As for the χ 2 test, we employed it at a less stringent level because the analysis is to reveal relics that would be "buried" and "dissolved" in modern structures. Instead of using the total counts in a genome, we used the average counts/kb. Therefore, in the χ 2 test the observed value of a particular dinucleotide of a species was its occurrence frequency (percentage) multiplied by 1,000 and rounded to an integer. The expected value was the average of the corresponding observed values of all the species concerned.
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